Methanobacterium thermoautotrophicum ⌬H, isolated in 1971 from sewage sludge in Urbana, Ill. (72), is a lithoautotrophic, thermophilic archaeon that grows at temperatures ranging from 40 to 70°C and optimally at 65°C. M. thermoautotrophicum conserves energy by using H 2 to reduce CO 2 to CH 4 and synthesizes all of its cellular components from these same gaseous substrates plus N 2 or NH 4 ϩ and inorganic salts, but despite this impressive biosynthetic capacity, M. thermoautotrophicum ⌬H and related strains have very small genomes (ϳ1.7 Ϯ 0.2 Mb [57, 58] ). M. thermoautotrophicum ⌬H, Marburg, and Winter are the foci of many methanogenesis, archaeal physiology, and molecular biology investigations, and M. thermoautotrophicum ⌬H was chosen as a representative of this group for genome sequencing. These thermophilic methanogens have mesophilic and hyperthermophilic relatives, Methanobacterium formicicum and Methanothermus fervidus, respectively, so that comparisons can be made of homologous
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yielded 570 contigs. Random sequencing was continued until the statistical coverage was eightfold. To merge contigs, sequences at the ends of contigs were PCR amplified from the appropriate pMPX pool and sequenced directly by using primers chosen manually in GelAssemble (GA) (a GTC-modified version of the Genetics Computer Group Wisconsin package program [17] ) or chosen automatically by Autoprimer (GTC), and short read-lengths at the ends of contigs were extended to ϳ500 nucleotides by resequencing.
As more sequence was accumulated, the Phrap assembly was repeated, yielding 321, 204, 160, and finally 90 contigs based on the statistical equivalent of ϳeightfold genome coverage plus 685 walk and extension sequences. IncAsm (GTC), which employs a directed global alignment algorithm based on the position of a primer's parent fragment, was then used to insert sequences into the Phrap assembly. IncAsm searches a window of user-specified size to insert fragments into the alignment and adds insertions or deletions to the fragment or multi-alignment as necessary. CheckMates (GTC) identified pairs of contigs that contained the opposite ends of a single multiplex clone, and the linking regions were PCR amplified and sequenced from both ends by using dye terminator technology and ABI 377 machines. EndMatch, a program that uses FASTA alignments to compare contig ends and identify overlaps (GTC), identified contig pairs that could be merged in GA, which included some merges rejected initially by Phrap. CheckMates also prevented the misassembly of repetitive sequences by identifying the ends of each originating clone. Identical sequences that originated from clones with different ends were separated, and each was PCR amplified, by using unique flanking sequences, and resequenced to confirm their separate identities. At this point, 23 metacontigs (assemblies of the smaller contigs) remained without order or bridging information.
Metacontig assembly. Forty-six primers, with sequences complementary to sequences present at the ends of the 23 metacontigs, were combined into 47 mixtures. One mixture contained all 46 primers, and 46 mixtures each lacked one primer. PCRs were performed to amplify M. thermoautotrophicum genomic DNA, and the products obtained were separated by electrophoresis through 1% agarose gels. Comparing the products obtained with the complete mixture of primers with the products obtained with the mixtures lacking one primer identified products generated by that primer. By identifying two primers that generated the same product, and by knowing which metacontigs contained those primer sequences, metacontigs were ordered with respect to each other. The order was verified by using the primer pairs to PCR amplify the intervening region which was then sequenced. Primer pairs that yielded information were removed, and the combinatorial PCR procedure was repeated until 16 metacontigs remained.
All possible pairwise combinations of the 32 remaining primers were then used in PCRs to amplify M. thermoautotrophicum genomic DNA, and the amplified products were sequenced directly using ABI technology. This strategy, in some cases using primers complementary to different sequences at the ends of the metacontigs, closed all of the remaining physical gaps and resulted in a single circular contig.
Confirmation of the assembly and sequence summary. Sequences were obtained from the ends of cosmid inserts (see Fig. 1 ) to confirm the assembly. The program COVERAGE (GTC) was used to identify regions that had been sequenced in only one direction or by only one chemistry. These regions were resequenced, both in the complementary direction and by using ABI dye terminator chemistry as needed to resolve sequence anomalies. Primer pairs were also used to PCR amplify problematic regions, and sequencing the resulting products resolved almost all remaining uncertainties.
Overall, 36,935 sequence reads, 15,350 and 21,585 with chemical and dideoxy sequencing, respectively, were generated by MPX technology, resulting in a total of ϳ13.3 Mb with an average read-length of 361 nucleotides. An additional ϳ1.5 Mb of sequence was generated during the finishing process by 2,884 reads of ABI dye-terminated sequences. The final total of ϳ14.8 Mb of sequence corresponded to an ϳ8.5-fold statistical coverage of the M. thermoautotrophicum genome, with 97.5% of the genome confirmed by sequencing in both directions and an additional 2.2% confirmed by sequencing in the same direction but with an alternate chemistry (Ͼ99.7% of the total).
Sequence analysis and annotation. Contig sequences representing the entire genome were analyzed using GenomeBrowser tools (54) to identify all ORFs of Ͼ180 bp in length, compute dicodon usages, and automate BLASTP2 searches (1, 71) . Gapped alignments were generated against all nonredundant protein (nrprotein) sequences in the SwissProt, PIR, and GenPept databases. Graphical views of the output were constructed which provided immediate access to HTML summaries of the BLAST output. The contig sequences were then joined in a text editor, and overlapping regions were removed. To facilitate ongoing GenomeBrowser analyses, the genome was evaluated as 10 nonoverlapping, artificially created contigs separated within noncoding regions.
Custom Perl scripts were used to filter the data generated by GenomeBrowser by using BLAST and dicodon usage scores to define potential gene sequences. The results were tabulated in an Excel spreadsheet with the direction of translation, start and stop codons, contig names, codon usage statistics, BLASTP2 similarity scores, P values, and database hit descriptions listed for each gene. Annotators reviewed the data and made corrections in GenomeBrowser, assigning product names, deleting spurious entries, and adding information not detected by the automated analyses.
ORF-encoded sequences were aligned with the sequences in the eight func-tionally annotated genomes in the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.ad.jp/kegg). Functional categories, gene names, and enzyme commission numbers so assigned were imported into the Excel table and reevaluated with reference to the BLAST output before final assignments were made. All intergenic regions of Ͼ200 bp were researched against the nrprotein and GenBank databases to identify additional genes and conserved sequences. Start codons (ATG, GTG, and TTG) were putatively identified by their proximity to ribosome binding sequences (RBSs) (8, 53) and by compatibility with BLAST alignment data that minimized or eliminated overlaps. The BLIMPS multiple alignment program (19) was used to search the M. thermoautotrophicum protein sequences for inteins, class II DNA-mediated transposases, and homing endonucleases (44) . Overlapping ORFs, adjacent genes with hits to the same database sequence, and genes that were substantially shorter in length than their database homologs were routinely evaluated for frameshifts. The Bic_FrameSearch program (Compugen Bioccelerator, Petach-Tikva, Israel) (17) was used to generate gapped alignments of the M. thermoautotrophicum sequence with the corresponding database sequence to identify regions likely to contain errors. These were reinspected in GA, and most frameshifts were identified and resolved by manual editing. When necessary PCR amplification and product sequencing were also undertaken to evaluate potential frameshifts.
BLASTP2 and the parameters listed by Bult et al. (9) were used to compare gene families in M. thermoautotrophicum and M. jannaschii. Pairs of sequences with at least 30% identity over 50 amino acids were identified, and the resulting clusters were aligned by using Bic_Pileup (Compugen Bioccelerator) (17) . These multi-alignments were examined to remove poorly aligned sequences and to separate well-aligned families that were tenuously joined by sequences with marginal homologies to one or both of the families.
The sequences of all M. thermoautotrophicum gene products were also aligned separately with only M. jannaschii sequences and with only the bacterial, eucaryal, and archaeal sequences (minus the M. thermoautotrophicum sequences) in the GenPept databases. These comparisons used Bic_SW, a fast implementation of the Smith-Waterman (SW) algorithm, and the data from the best alignment of each query sequence were tabulated. The fraction of query amino acids present in each alignment was calculated (query amino acids in alignment/total query amino acids), and the values so obtained were multiplied by this fraction to provide a normalized estimate of the identity (% ID) of each M. thermoautotrophicum sequence to each target sequence reported. These normalized values (SW %IDs) were used to rank sequences in the databases according to their overall identity to each M. thermoautotrophicum sequence. Raw SW %IDs, calculated from only the aligned regions of sequences, were not used for ranking comparisons.
Repetitive sequences were identified by Cross_Match, a fast SW algorithm (http://bozeman.mbt.washington.edu/phrap.docs/phrap.html) that compared all of the M. thermoautotrophicum contigs to each other. The program COMPOSI-TION (14) was used to count nucleotides and dinucleotides and to calculate %GϩC contents, and the program tRNAscan was used to identify tRNA genes. A Perl script was used to generate a table with enzyme commission numbers which summarized the M. thermoautotrophicum genes present in pathways defined in the Ecocyc database (http://www.ai.sri.com/ecocyc/ecocyc.html). PerlTK programs (Genome_map and Gene_map [GTC]) were written to draw circular and linear genome maps (see Fig. 1 to 3) , and graphical representations with annotated summaries (gene name, direction, position and putative function), similarities (SW %IDs), %GϩC contents, and cosmid end sequences (based on FASTA alignments) were continuously generated and automatically updated.
Nucleotide sequence accession number. The sequence of the M. thermoautotrophicum ⌬H genome has been deposited with GenBank under accession no. AE000666.
RESULTS
Nucleotide composition and codon usage. The genome of M. thermoautotrophicum ⌬H was found to be a single, circular DNA molecule 1,751,377 bp in length (Fig. 1) . Nucleotide 1 was assigned arbitrarily in a noncoding region upstream of a large cluster of genes, which included 31 ribosomal protein (r-protein)-encoding genes, all arranged in the same direction. Overall, the M. thermoautotrophicum genome is 49.5% GϩC but several regions have higher GϩC contents, including the rRNA and tRNA genes and several polypeptide-encoding regions dispersed around the genome ( Fig. 1 and 2 ). More regions have lower GϩC contents, some of which contain clusters of genes that have codon usages atypical for M. thermoautotrophicum, indicating regions that may have been acquired by lateral transfer ( Fig. 1 and 2 ). One such region, at approximately nucleotide 49,000, is formed by two directly repeated copies of an ϳ8-kb sequence that has an ϳ40% GϩC content. Together, these duplicated sequences contain Ͼ30 genes, including the adjacent genes MTH0067-MTH0068 and MTH0082-MTH0083, which encode polypeptides with sequences related to polypeptides in M. jannaschii that have motifs in common with transcription initiation factor TFIIIC and with a cell division protein (9) .
The dinucleotide 5ЈCG and the CG-containing tetranucleotides 5ЈCGCG and 5ЈGCGC are substantially underrepresented in the genome of M. thermoautotrophicum ⌬H, although as previously noted (34) , 5ЈCTAG is even less common than these CG-containing tetranucleotides. The infrequent occurrence of 5ЈCTAG in microbial genomes has been previously reported (4, 25) and is proposed to result from the repair of G-T mismatches generated either by the spontaneous deamination of 5Ј methyl-cytosine residues or by inaccurate recombination and/or replication. A mismatch repair mechanism could also be the basis for the 5ЈCTAG deficiency in M. thermoautotrophicum, although genes encoding mismatch-repair enzymes related to the Vsr systems thought to be responsible for the G-T mismatch repairs were not detected in the genome.
Genes and domain relationships. A total of 1,855 polypeptide-encoding genes and 47 stable RNA genes have been putatively identified in M. thermoautotrophicum ( Fig. 3 and 4) . Most ORFs (63%) have ATG translation initiating codons, although 22% are predicted to start with GTG and 15% are predicted to start with TTG. Of these putative polypeptideencoding genes, 1,350 (73%) encode sequences with significant similarities to sequences in public databases (BLASTP2 scores against nrprotein databases of at least 100), 357 (19%) have limited similarity (BLASTP2 scores of 60 to 99), and 148 (8%) have no obvious database homologs (BLASTP2 scores of Ͻ60). In terms of function, 844 (46%) of the ORF-encoded sequences have been assigned putative functions based on their similarities to database sequences with assigned functions, 514 (28%) are classified as conserved, having similarities to database sequences with no assigned function (BLASTP2 scores of Ͼ100), and 496 (27%) are classified as unknown, having limited or no similarity to database sequences (BLASTP2 of Ͻ100). Sixteen ORFs that appear to result from frameshifts are not included in the list of putative genes.
Comparisons with databases that contain only archaeal, bacterial, and eucaryal sequences revealed that 1,013 (55%) of the M. thermoautotrophicum polypeptide sequences are most similar to previously documented archaeal sequences, 210 (11%) of which only have archaeal homologs. These include many of the enzymes directly involved in methanogenesis (see below); however, functions could not be assigned for 140 of these 210 archaeal-specific proteins. A total of 1,149 (62%) of the M. thermoautotrophicum ORF-encoded sequences have homologs in M. jannaschii with SW %IDs that are Ͼ30, although only 352 (19%) have SW %IDs of Ͼ50, and only 14 (Ͻ1%) have SW %IDs of Ͼ70. Most orthologous genes in the two methanogens have therefore undergone extensive divergence. When evaluated in terms of their similarities to bacterial versus eucaryal polypeptide sequences, 786 (42%) of the M. thermoautotrophicum ORF-encoded sequences are more similar to bacterial sequences and 241 (13%) are more similar to eucaryal sequences. Considering only the strongest matches within these groups, 490 (26%) of the M. thermoautotrophicum ORFs encode sequences with SW %IDs that are Ն twofold higher with bacterial than with eucaryal sequences, whereas only 24 (1%) have SW %IDs that are Ն twofold higher with eucaryal than with bacterial sequences. Most of the M. thermoautotrophicum proteins predicted to participate in cofactor and small molecule biosyntheses, intermediary metabolism, transport, nitrogen fixation, regulatory functions, and interactions with the environment have sequences that are more similar to bacterial VOL. 179, 1997 sequences, whereas many of the M. thermoautotrophicum proteins predicted to be involved in DNA metabolism, transcription, and translation have sequences more similar to eucaryal than bacterial sequences. The similarities of each M. thermoautotrophicum sequence to M. jannaschii, eucaryal, and bacterial sequences are depicted in Fig. 1 and 2 by gray scales in which darkness corresponds to sequence similarity. The SW %ID values generated by the archaeal database comparisons FIG. 1. Circular map of the M. thermoautotrophicum ⌬H genome and summary of comparative analyses. The outer two rings flanked by dark lines show the positions of genes, color coded by function, on the forward and complementary strands, respectively. Moving inwards, the third ring displays the %GϩC content of each putative gene (blue-violet, Ͻ32%; blue, 32 to 36%; turquoise, 36 to 41%; light green, 41 to 45%; gray, 45 to 54%; pink, 54 to 57%; red, Ͼ57%). The fourth ring identifies genes with conserved order in M. jannaschii (light blue, one neighbor conserved; dark blue, two neighbors conserved). The fifth ring displays SW %IDs for the best alignment of each gene product with polypeptides encoded in the M. jannaschii genome. The SW %IDs are mapped to a linear gray scale ranging from white to black for ID values of 20 to 86%, respectively. The sixth ring displays SW %IDs for the best alignment of each gene product with all bacterial polypeptides present in the GenPept database. The seventh ring displays SW %IDs for the best alignment of each gene product with all eucaryal polypeptides present in GenPept. The line segments arrayed around the center of the figure indicate the positions of cosmid clones; the tic marks at one or both ends of the segments indicate cosmid ends that were sequenced. The color code for functional categories is as follows: carbohydrate metabolism, sienna; methane metabolism, olive drab; carbon fixation, blue-green; oxidative phosphorylation and other energy metabolism, navajo white; sulfur metabolism, light yellow; nitrogen metabolism, gold; lipid metabolism, medium blue; nucleotide metabolism, orange; amino acid metabolism, yellow; vitamin and cofactor-related activities, light red; transcription and nucleoproteins, light blue; ribosomal proteins, pink; rRNA and tRNA metabolism and translation factors, red; DNA replication, cell division, and repair, light blue; DNA, RNA, and protein degradation, cyan; cell envelope, light green; transport, purple; general regulatory functions, magenta; other identifiable functions, lilac; conserved proteins, black; hypothetical proteins, gray. 
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and the SW%IDs graphically represented in Fig. 1 and 2 are available at the GTC web site (http//www.cric.com). As SW%IDs of Ͻ30 often result from spurious alignments with many gaps, comparative analyses are only reported of aligned sequences with a SW%IDs of Ͼ30. Genome organization. Genes are distributed evenly around the M. thermoautotrophicum genome, with ϳ51% being transcribed from one strand and ϳ49% being transcribed from the complementary strand. Approximately 92% of the genome is predicted to encode gene products, and intergenic regions average ϳ75 bp. There are two rRNA operons and two regions that contain a large number of repeated sequences (see below).
Functionally related genes are often clustered, and most polypeptide-encoding genes are preceded by sequences consistent with RBSs. Despite these bacterial operon-like features, some of the genes in these clusters have only eucaryal homologs, suggesting that either there has been a selection for clustering or that these genes were clustered in a common ancestor of the domain Eucarya and M. thermoautotrophicum. Uncoupling of translation and transcription, and the fusion of FIG. 3 . Gene map of the M. thermoautotrophicum ⌬H genome. A total of 1,918 putatively identified genes, including 16 that appeared to be caused by frameshifts, are shown with the genes transcribed from the forward strand above the central line in each row and those transcribed from the complementary strand below the line. Genome positions are given by numbers below the periodically spaced tic marks in each row. The genes are color coded according to function as described in the legend to Fig. 1 , except that conserved genes are gray and genes with unknown functions are indicated in white. Gene numbers are placed above or below the left end of genes to which they correspond on the forward and complementary strands, respectively. Some gene numbers have been omitted to avoid overlaps in tightly packed regions.
adjacent genes during the evolution of the eucaryal lineage, may have removed the need for cotranscription and RBSs as few functionally related genes are adjacent in the yeast genome.
A very large transcriptional unit may be formed by 51 genes, including 31 r-protein genes that constitute the region from 0 to 30 kb, and two operons that contain 14 methane genes that total ϳ9 kb beginning at 1.07 Mbp are cotranscribed under high growth-rate conditions (Fig. 3) (45) . Fifteen additional clusters contain at least four functionally related genes which, therefore, are also likely to be single transcriptional units (designated operons). When compared with the M. jannaschii genome, related genes occur within conserved operons, but only 14% of orthologous genes have the same neighbor in the two genomes ( Fig. 1 and 2 ). The 8-kb region of the M. thermoautotrophicum genome that is only ϳ40% GϩC (see above) is not present in M. jannaschii, and an ϳ29-kb region that contains 36 unidentified genes (MJ0327 to MJ0362) in M. jannaschii is not present in M. thermoautotrophicum. The cluster of M. thermoautotrophicum r-protein genes beginning at position 1 is essentially a sequential fusion of the S10, spc, alpha, and L13 ribosomal operons in E. coli, and most of these r-protein genes occur in the same order in two clusters in M. jannaschii, one corresponding to the central part and one to the two ends of the M. thermoautotrophicum cluster. Five of these M. thermoautotrophicum r-protein genes are dispersed as single genes and as a three-gene cluster at separate locations in the M. jannaschii genome.
Gene families. A total of 409 (22%) of the M. thermoautotrophicum genes group into 111 families with two or more members, by using the alignment parameters established by Bult et al. (9) . This is less than the 136 gene families detected in M. jannaschii, and only 59 families are conserved in both methanogens. The largest gene family in M. jannaschii has 16 members of unknown function that together account for almost 1% of the genome's coding capacity. Surprisingly, there are no members of this family in M. thermoautotrophicum, and the largest M. thermoautotrophicum family, which encodes 24 twocomponent sensor kinase-response regulator proteins, has no representatives in M. jannaschii. Other large and conserved families in M. thermoautotrophicum encode 15 ferredoxin-related proteins, 9 members of the ABC transporter family, 11 IMP dehydrogenase-related proteins, and 6 proteins related to magnesium chelatases. The complete list of gene families is available on the GTC web site.
Methane genes. The enzymes that catalyze the seven steps in the H 2 -dependent pathway of CO 2 reduction to CH 4 were characterized primarily through studies of M. thermoautotrophicum (Fig. 5) (60, 69) , and most of their encoding methane genes were sequenced prior to the completion of the genome sequence (46) . M. thermoautotrophicum was known to have two step 1-catalyzing enzymes, a tungsten and a molybdenum formylmethanofuran dehydrogenase (W-FMD and Mo-FMD, respectively), two step 4-catalyzing methylene tetrahydromethanopterin dehydrogenases (HMD and MTD), and two step 7-catalyzing methyl coenzyme M reductase isoenzymes (MRI and MRII). The genome sequence predicts the presence of a second step 2-catalyzing formylmethanofuran: tetrahydromethanopterin formyltransferase (FTR) and two additional step 4-catalyzing enzymes. The ftrII-encoded amino acid sequence is 38% identical to the ftr-encoded protein (14) . Similarly, hmdII and hmdIII encode amino acid sequences which are 24 and 32% identical, respectively, to the sequence of the hmd-encoded HMD (36) . Based on the conservation of methane genes, M. jannaschii apparently employs the same H 2 -dependent pathway of CH 4 synthesis from CO 2 and also has three hmd genes, but it contains only one ftr and only genes for a W-FMD. The only conservation in methane gene organization in both genomes, above the level of related genes within similarly organized operons, is the adjacent positioning of the mcrBDCGA and mtrEDCBAFGH operons. These operons encode MRI and methyltetrahydromethanopterin:coenzyme M methyltransferase (MTR), which catalyze steps 7 and 6 in methanogenesis, respectively. Read-through transcription of the mtr operon from the mcr promoter has been documented in M. thermoautotrophicum (45) , and as this adjacent organization is widespread in methanogens, this suggests functional significance (37) . Both methanogens have mrt operons that encode MRII, the isoenzyme of MRI, that catalyzes step 7 in M. thermoautotrophicum when excess H 2 is available (45) . The mrt operon in M. thermoautotrophicum is organized mrt-BDGA, whereas mrtD is separated by ϳ37 kb from an mrtBGA operon in M. jannaschii. The mcrBGA/mrtBGA genes encode the three polypeptide subunits of MRI/MRII; however, the functions of the mcrD, mrtD, and mcrC gene products remain unknown. The sequences of MJ0094 and MTH1161 suggest that they may be very divergent mrtC genes.
M. thermoautotrophicum and M. jannaschii have genes related to the fdhAB genes that encode formate dehydrogenases (FDH) in formate-catabolizing methanogens but neither of them grows on formate (23, 56) . M. thermoautotrophicum appears to have lost an fdhCAB operon (38) , and the flpECBDA operon encodes only FDH-like gene products (36) . The sequence of the M. jannaschii fdhBA operon is, however, consistent with a functional FDH.
Based on homologies with Methanococcus voltae (18, 55) M. jannaschii synthesizes a [Ni,Fe,Se]-hydrogenase with in-frame UGA codons directing the incorporation of selenocysteinyl (Se-cys) residues (67) . An in-frame UGA codon in hdrA in M. jannaschii predicts that Se-cys is also incorporated into the large subunit of the heterodisulfide reductase (HDR) of this methanogen. The M. thermoautotrophicum genome does not encode the translation machinery needed for Se-cys incorporation, and the [Ni,Fe]-hydrogenase genes (frhDBGA and mvh-DGAB) and hdrA of M. thermoautotrophicum have cysteine codons at the sites of the Se-cys UGA codons in M. jannaschii. In both methanogens HDR is encoded by unlinked hdrA and hdrCB operons. M. thermoautotrophicum has one hdrCB operon plus an hdrB-related gene, MTH0139, while M. jannaschii has two hdrCB operons.
Cofactor F 390 levels have been proposed to regulate the expression of alternative methane genes in M. thermoautotrophicum (36, 62) . However, the presence of ftsAII and ftsAIII, two additional homologs of the ftsA gene known to encode cofactor F 390 synthetase in M. thermoautotrophicum, makes this issue problematic, and the absence of ftsA homologs in M. jannaschii argues against a generic role for cofactor F 390 synthesis in methane gene regulation.
Carbon metabolism, nitrogen fixation, and anabolic pathways. Genes encoding several of the enzymes required to catalyze glycolysis, gluconeogenesis, and the pentose phosphate pathway have not been identified in the M. thermoautotrophicum genome. Therefore, either these pathways do not exist in M. thermoautotrophicum and functionally equivalent but different pathways must be used or the sequences of the M. thermoautotrophicum phosphofructokinase, pyruvate kinase, phosphoglucoisomerase, fructose bisphosphatase, fructose 1,6-diphosphoaldolase, phosphoglyceromutase, ribulose phosphate epimerase, transketolase, transaldolase, and 6-phosphodehydrogenase are so different from database sequences that they are unrecognizable. These conclusions were also reached for several "missing" enzymes needed to catalyze steps in cen- Based on database comparisons, M. thermoautotrophicum enzymes involved in amino acid, purine, pyrimidine, and vitamin biosynthetic pathways generally have sequences most similar to their bacterial homologs. Some enzymes required for these pathways do, however, appear to be missing, but since M. thermoautotrophicum synthesizes all of the products of these pathways from CO 2 , H 2 , and salts, it seems likely that the missing enzymes are present but have sequences sufficiently different from database sequences that they have not been recognized. Some of the unidentified ORFs conserved in both M. thermoautotrophicum and M. jannaschii presumably encode 
M. THERMOAUTOTROPHICUM GENOME SEQUENCEenzymes that catalyze the synthesis of the unique cofactors employed in methanogenesis, an area of methanogen molecular biology that awaits investigation. Cell envelope biosynthesis, protein secretion, solute uptake, and electron transport. The rod-shape of the M. thermoautotrophicum cell is maintained by a rigid layer of pseudomurein, a structure analogous but not chemically identical to the murein layer in the domain Bacteria (24) . The presence of genes encoding sequences conserved in enzymes involved in murein and teichoic biosyntheses, bacterial shape determination (mreB), and cell division (notably ftsZ [63] ) nevertheless suggests that cell envelope biosynthesis and the reconfiguration of the M. thermoautotrophicum cell during cell division do have features in common with their bacterial counterparts. Four genes encode proteins predicted to form the outer surface (S layer) of the M. thermoautotrophicum cell, and these include homologs of S layer proteins that are glycosylated in the hyperthermophilic methanogens M. fervidus and Methanothermus sociabilis (7) .
The mechanisms of preprotein processing, membrane insertion, and protein secretion are widely conserved in biology, and ϳ12% of M. thermoautotrophicum ORFs encode polypeptides with N-terminal amino acid sequences consistent with signal peptides and ϳ20% have motifs indicative of membrane-spanning regions (see GTC web site for specific details). The majority of these proteins belong to the group for which functions could not be assigned, consistent with most biochemical studies of M. thermoautotrophicum having focused to date primarily on cytoplasmic enzymes. It appears that M. thermoautotrophicum may secrete a substantial number of proteins and may also have many membrane-associated proteins that await investigation. The M. thermoautotrophicum genome encodes homologs of the bacterial secY (preprotein translocase), secD, and secF (membrane-located protein export proteins) genes, a signal peptidase-encoding gene, and genes encoding homologs of eucaryal signal recognition particle proteins and of their associated RNA component (known as the 7S RNA). The same complement of protein processing and secretion genes is present in the M. jannaschii genome; however, M. jannaschii is motile and synthesizes flagellins that appear to be processed by a separate system (22) . M. thermoautotrophicum is nonmotile and does not have fla, mot, or che gene homologs.
M. thermoautotrophicum is predicted to have a large number of transport systems for inorganic solutes, many of which have components related to the ABC family of ATP-dependent transporters. However, consistent with the autotrophic lifestyle, M. thermoautotrophicum does not appear to have many transport systems for organic molecules. There are also many genes that encode proteins predicted to have [4Fe-4S] centers, including nine ferredoxins and five polyferredoxins, some of which are probably membrane-located electron transport proteins. Similarly, a large family of genes is predicted to encode two-component sensor kinase-response regulator systems, and at least some of the sensor proteins appear to be membrane located (see below).
Two-component sensor kinase-response regulator systems. Although genes encoding two-component sensor kinase-response regulator systems have been documented in bacterial, archaeal, and eucaryal species, none were identified in the M. jannaschii genome. In contrast, the M. thermoautotrophicum genome appears to encode 14 sensor kinases, 9 response regulators, and 1 protein that is a fusion of a sensor kinase and a response regulator (MTH0901). Based on the presence of C-terminal blocks of conserved amino acids, designated H, N, G1, F, and G2, the sensor kinase encoded by MTH0444 is most similar to established bacterial sensor kinases, whereas the remaining M. thermoautotrophicum sensor kinases lack block F and contain a conserved region of 24 residues that has only limited sequence similarity to block H (Fig. 6) . Except in the MTH1260 gene product, this region does, however, contain a histidyl residue appropriately located for autophosphorylation. An H block with a similar, atypical sequence has also been identified as a sensor kinase encoded in the Synechocystis sp. strain PCC6803 genome (24a) (Fig. 6 ). This Synechocystis protein also shares a number of other residues with the M. thermoautotrophicum sensors, including 12 amino acids located between blocks H and N, designated block E, consistent with the existence of a conserved subfamily of sensor kinases (Fig.  6) . Although sequence conservation is very limited in the different two-component proteins in M. thermoautotrophicum, the MTH0292 and MTH0356 gene products are similar over their entire lengths, consistent with similar structures and the sensing of similar signals. Eight of the sensor kinases are predicted to contain N-terminal membrane-spanning helices within the region expected to function as the signal receptor, consistent with these being membrane-located proteins (Fig. 7) .
The sensor kinase and response regulator genes MTH0901 and MTH0902 are adjacent and presumably form a single transcriptional unit, and one sensor kinase and four response regulator-encoding genes are clustered at position 378,000 (Fig. 1) . MTH0549 is included in the list of response regulator genes although it does not encode the lysine-containing Cterminal region that is conserved in all documented response regulators (Fig. 6) .
Translation machinery. There are two rRNA operons, designated rrnA and rrnB, separated by only ϳ110 kb in the M. thermoautotrophicum genome. Both have a 16S-23S-5S rRNA gene organization, with a tRNA Ala (UGC) gene between the 16S and 23S rRNA genes. They encode 16S and 23S rRNAs with sequences that are 99.9 and 99.5% identical, respectively. The 7S RNA gene and a tRNA Ser (GCU) gene are located immediately upstream of rrnB, which therefore may be part of a longer transcriptional unit. In both operons, the 16S and 23S rRNA genes are flanked by large inverted repeats capable of forming the bulge-helix-bulge secondary structure motif recognized by archaeal intron tRNA endonucleases (15, 27, 30, 61) . This intron endonuclease probably catalyzes rRNA maturation in M. thermoautotrophicum as there is no evidence for a RNaseIII-like processing enzyme in the genome.
Thirty-nine tRNA genes have been identified. Ten are isolated, apparently forming single-gene transcriptional units; however, 16 are in eight operons that contain two tRNA genes, and 10 are in two five-tRNA gene operons. As in M. jannaschii, an elongator tRNA Met (CAU) gene and the tRNA Trp (CCA) gene contain introns located between positions 37 and 38 of the anticodon loop of the mature tRNAs. The tRNA Pro (GGG) gene also contains an intron at this site plus a second intron uniquely located between positions 32 and 33. The presence of two introns in a single tRNA gene is unprecedented. All four M. thermoautotrophicum tRNA introns have flanking sequences capable of forming the bulge-helix-bulge secondary structure needed for archaeal tRNA intron processing.
Genes for members of all 20 tRNA families are present, although there is no Se-cys-tRNA(UCA) gene. Except for tRNA Ser (GGA), elongator tRNA Met (CAU), and the rRNA operon-associated tRNA Ala (UGC) genes, there is only one copy of each tRNA gene. Two tRNAs are synthesized for amino acids encoded by four codons, one for codons ending in pyrimidines, and one for codons ending in purines, except for tRNA Val (CAC) and tRNA Thr (CGU) which translate only the codons with third-position guanines. For amino acids encoded by two codons, there is a single tRNA gene except that genes for both tRNAs Gln are present. The six leucine and six serine codons are decoded by three tRNAs, and there are four arginine tRNA genes for the six arginine codons, one of which is specific for AGG. All three isoleucine codons are apparently translated by tRNA Ile (GAU), although it is also possible that one of the two putative elongator methionine tRNAs decodes AUA isoleucine codons. Such a minor isoleucine-decoding tRNA species has been found in Bacillus subtilis that has a C*AU anticodon in which the first residue of the anticodon is replaced by the modified nucleotide, lysidine (31) . M. thermoautotrophicum has tRNA Thr (CGU) and tRNA Arg (CCU) genes that are not present in M. jannaschii, presumably reflecting the higher %GϩC content of the M. thermoautotrophicum genome and the different codon usage pattern.
Aminoacyl-tRNA synthetase genes have been identified for 16 tRNA families, but as in M. jannaschii, genes encoding asparaginyl-, glutaminyl-, cysteinyl-and lysyl-tRNA synthetases are not recognizable. As for organisms known to lack asparaginyl-and glutaminyl-tRNA synthetases, it is likely that M. thermoautotrophicum acylates tRNA Gln and tRNA Asn with glutamyl and aspartyl residues, respectively, which are then converted to glutaminyl and asparaginyl residues by amidotransferases. Consistent with this hypothesis, MTH1496, MTH1280, and MTH0415 are homologs of gatA, gatB, and gatC, which encode the three subunits of the glu-tRNA Gln amidotransferase in B. subtilis (12) .
The M. thermoautotrophicum r-protein-encoding genes were identified and named based on alignments with their rat homologs (70) . Only 2 of the 61 r-protein-encoding genes, L12 and L10a, encode proteins with sequences more similar to VOL. 179, 1997 FIG. 6 . Alignments of the conserved regions in putative sensor kinase (A) and response regulator (B) proteins in M. thermoautotrophicum ⌬H. The alignments were generated by PILEUP (17) , and residue positions are listed to the right. Completely conserved residues are shaded black, and regions with Ն75% sequence similarity are shaded gray. In panel A the M. thermoautotrophicum sequences have been grouped and aligned to emphasize their similarity to the putative sensor protein encoded by Synechocystis sp. PCC6803 (ethylene sensor response protein, GenPept gene identification no. g162472) and to the PhoR sensor of B. subtilis (Swiss-Prot P23545). The sensor kinase motifs H, N, G1, F, and G2, and a previously unrecognized block of conserved amino acid residues designated motif E, are identified below the sequences. their bacterial homologs (L11 and L1, respectively) than to their eucaryal homologs. Seven genes in the M. thermoautotrophicum genome encode r-proteins that have eucaryal but not bacterial homologs, and homologs of 23 E. coli r-protein-encoding genes have not been identified in the M. thermoautotrophicum genome.
RNA-processing enzymes. Genes encoding the RNA component of RNaseP, a tRNA intron endonuclease, a tRNA nucleotidyltransferase, and proteins associated with the modification of nucleotides in tRNAs and rRNAs have been identified. The two physically adjacent genes MTH1214 and MTH1215 respectively encode homologs of the eucaryal nuclear proteins PRP31 and fibrillarin. Fibrillarin associates with small nucleolar RNAs in complexes that participate in endonuclease processing of rRNA primary transcripts and in the addition of 2ЈO-methyl groups to rRNAs (26) . PRP31 is required for mRNA processing and prp31 is an essential gene in yeast (65) . MTH0032 is predicted to encode a homolog of a centromere-microtubule binding protein whose precise function in Eucarya remains to be determined, although members of this family include the nucleolar protein NAP57 and bacterial proteins involved in pseudouridylation. The conservation of the same RNA processing enzymes in M. thermoautotrophicum and M. jannaschii, and the fact that archaeal and eucaryal tRNA intron endonucleases employ a conserved biochemistry, indicates that these RNA processing systems probably predate the divergence of the Archaea and Eucarya.
DNA-dependent RNAP and transcription factors. Genes encoding the large AЈ, AЉ, BЈ, and BЉ and small D, EЈ, EЉ, H, I, K, L, and N subunits of the M. thermoautotrophicum RNA polymerase (RNAP) have been identified, but homologs of the Sulfolobus acidocaldarius G and F subunit-encoding genes are not present. The sequences of these large RNAP subunits and of subunit D are more similar to their eucaryal than to their bacterial counterparts, and there are only eucaryal homologs of the EЈ, EЉ, H, K, L, and N subunits (29) . As in M. jannaschii, the M. thermoautotrophicum homolog of the S. acidocaldarius subunit E-encoding gene is split into rpoE1 and rpoE2 genes that encode EЈ and EЉ subunits, respectively. However, unlike M. jannaschii, the M. thermoautotrophicum genome contains a second subunit AЈ gene, designated rpoA1b, located ϳ500 kb from the rpoA1a gene in the rpoHB2B1A1aA2 operon. The rpoA1a and rpoA1b genes have sequences that are ϳ2.6-kb long and 82% identical, but except for 10 bp immediately preceding the TTG start codons that contain RBSs, the genes are not flanked by conserved sequences. The rpoA1a gene encodes a single 98-kDa polypeptide whereas the rpoA1b sequence contains frameshifts suggesting a pseudogene, frameshifting, or possibly the synthesis of three separate polypeptides with sizes of 10, 15, and 75 kDa. The frameshifts have been confirmed by PCR amplification from genomic DNA and resequencing, and cotranscription of rpoA1b with the unidentified upstream gene (MTH0296) has also been documented (13) .
Transcription initiation in Archaea follows the eucaryal paradigm but with a reduced preinitiation complex (47) . Consistent with this, the M. thermoautotrophicum genome encodes a TATA-binding protein and transcription factors TFIIB and TFIIS but no homologs of the eucaryal general transcription factors TFIIA, TFIIF, and TFIIH that form part of most preinitiation complexes assembled in Eucarya.
DNA-dependent DNA polymerases. M. thermoautotrophicum apparently contains two DNA polymerases, a member of the X family (synonymous to the polymerase ␤ family) of DNA repair enzymes, and an archaeal group I B-type DNA polymerase. M. jannaschii, in contrast, contains only a B family DNA polymerase encoded by a gene with two inteins. Family X polymerases are usually ϳ350 residues long with common motifs that form the active site for nucleotidyl transfer (52) . These motifs are present in the MTH0550 gene product, but this polypeptide also has an ϳ200-amino-acid C-terminal extension with a sequence similar to sequences contained in several bacterial proteins of unknown function, including a B. subtilis protein that also has an N-terminally located PolX domain (68) .
The M. thermoautotrophicum B-type DNA polymerase is typical in having exonuclease and polymerase domains; however, unlike other archaeal B-type polymerases that are single polypeptide enzymes (16) , the M. thermoautotrophicum ⌬H polymerase apparently contains two polypeptides encoded by two genes, polB1 and polB2, that are separated by ϳ650 kb. Although DNA polymerases with physically separate exonuclease and polymerase domains, encoded by separate genes, have been described previously (21) , the break-site in the M. thermoautotrophicum enzyme is uniquely located within the polymerase domain. The two PolB1 and PolB2 polypeptides are predicted to contain 586 (68.0 kDa)-and 223 (25.5 kDa)-amino-acid residues, respectively, which if added together would give a length very similar to that of the single polypeptide archaeal B-type polymerases. The DNA polymerase puri- 
M. THERMOAUTOTROPHICUM GENOME SEQUENCEfied from M. thermoautotrophicum Marburg was reported to be a single polypeptide with a molecular mass of ϳ72 kDa, although DNA polymerase activity was also associated with an ϳ38-kDa polypeptide that was considered to be a degradation product of the ϳ72-kDa polypeptide (28) . Mobile genetic elements. There is no evidence for typical insertion sequence (IS) elements, prophages, or homing endonucleases (3), although the M. thermoautotrophicum genome does appear to encode one intein within the alpha chain of ribonucleoside-diphosphate reductase (MTH652). This intein, designated Mth RIR1, has readily recognizable protein-splicing motifs but lacks an endonuclease domain, and with only 134 amino acid residues, it is the shortest intein so far identified (40) . Although the M. jannaschii genome does not appear to encode a ribonucleoside diphosphate reductase, genes homologous to MTH652 are present in Thermoplasma acidophila (59) and Pyrococcus furiosus (49) . There is no intein in the T. acidophila homolog whereas the P. furiosus ribonucleoside diphosphate reductase alpha subunit gene encodes two inteins, one integrated at the same position as the Mth RIR1 intein (Fig. 8) . The sequence of the Pfu RIR1 intein is only 31% identical, over 103 residues, to that of the Mth RIR1 intein, and it does have an endonuclease domain. Inteins with only limited sequence similarity, but integrated at identical sites, have also been identified in the DnaB proteins of a cyanobacterium and a red algal chloroplast (42) .
Repetitive sequences. A list of the repetitive sequences present in the M. thermoautotrophicum genome, including gene duplications, is available on the GTC web site. Two remarkable repeats, R1 and R2, which are separated by ϳ480 kb, orientated in opposite directions, and 3.6 and 8.6 kb in length, respectively, belong to a family designated the LS n repeat family. R1 and R2 contain a 372-bp long repeat (LR) sequence, which is 88% identical in R1 and R2, followed by 47 and 124 copies, respectively, of the same 30-bp short repeat (SR) sequence. These SR sequences are separated by unique sequences 34 to 38 bp in length, and larger repeating units consisting of blocks of several SR sequences plus their intervening sequences are detectable within R1 and R2.
There are also 18 LS n repeats in the M. jannaschii genome, with LR sequences unrelated to the LR sequences in M. thermoautotrophicum but with SR sequences that are 76% (23 of 30 nucleotides) identical to the M. thermoautotrophicum SR sequence. Although the number of SR elements per LS n repeat is smaller in M. jannaschii, ranging from 1 to 25, the total number of SR sequences is very similar in both genomes.
Plasmid-related sequences. Although M. thermoautotrophicum ⌬H does not contain extrachromosomal DNA elements, plasmids have been isolated and sequenced from closely related thermophilic Methanobacterium species, including plasmid pME2001 from M. thermoautotrophicum Marburg (6) and the related plasmids pFV1 and pFZ1 from Methanobacterium thermoformicicum THF and Z-245, respectively (33) . There are no pME2001-related sequences in the M. thermoautotrophicum ⌬H genome but pFV1 and the strain ⌬H genome both contain one copy of a sequence that is present in several copies in the genomes of other thermophilic methanobacterial isolates (35) . In addition, five pFV1 genes (orf1, orf4, orf5, orf9, and orf10) have homologs in the M. thermoautotrophicum ⌬H genome (MTH1412/MTH1599, MTH0350, MTH1074, MTH0471, and MTH0764/MTH0496, respectively). Three of these genes (orf1, orf4, and orf5) also have homologs in pFZ1, and the orf10-related genes MTH0764 and MTH0496 encode endonuclease III homologs. MTH1074 encodes 1,474 amino acid residues including 10 repeats of a block of ϳ90 residues, and this gene therefore appears to be an expanded version of orf5, which encodes 499 amino acid residues with four of the ϳ90-bp repeats. Similar repeats are present in a 60-kDa outer membrane protein of Chlamydia psittaci (64) . These methanogen proteins may also be membrane located, possibly with a similar function, as they have N-terminal amino acid sequences that resemble bacterial signal sequences. The plasmid-encoded orf1 gene products are likely to be involved in plasmid replication (33) as they are members of the Cdc18-Cdc6 family of proteins that directs the initiation of DNA replication in Eucarya (32) . The M. thermoautotrophicum genome encodes two members of this family and a homolog of the eucaryal DNA replication initiation protein Cdc54. Cdc6-encoding genes are not present in the M. jannaschii genome, although genes encoding proteins related to other eucaryal DNA replication and DNA repair enzymes are conserved in both genomes and both genomes encode DNA restriction and modification systems.
DISCUSSION
This is the seventh publication reporting the complete sequence of a procaryotic genome, and trends are now becoming apparent. In each case, ϳ90% of the genome is predicted to encode gene products, the average ORF length is ϳ1 kb, and a complement of tRNA genes is present which is adequate to decode all sense codons. Many genes appear to be organized into multigene transcriptional units, inaccurately but conveniently designated operons, and RBSs precede most ORFs. The relative locations of genes and operons within these genomes show little conservation, consistent with most gene expression being coordinated in trans by soluble intracellular signals. The origins of DNA replication have not been identified in the two methanogen genomes; however, there is no detectable bias in gene orientation and the lack of conservation of gene location suggests that genome position is not a generically important parameter for gene expression. There is also little evidence for the direction of transcription being consistently coordinated with or against the direction of DNA replication.
M. thermoautotrophicum seems to have an unusually low number of mobile DNA elements. There are no recognizable prophages, plasmids, or IS elements and only one, very short, intein. By contrast, M. jannaschii has two plasmids, 19 inteins, and 11 members of an IS family (9, 43) . The difference in the abundance of inteins might be correlated with the absence of homing endonucleases in M. thermoautotrophicum. These enzymes have been proposed to drive the mobility of prokaryotic introns and inteins (2) , and homing endonucleases are encoded in M. jannaschii as independent genes (41a) and within almost all of its inteins (40, 43) , but they do not occur in M. thermoautotrophicum.
M. thermoautotrophicum synthesizes all of its cellular components and conserves energy from just CO 2 , H 2 , and salts but, nevertheless, has a genome that is only ϳ40% the size of the E. coli genome and only three times the size of the Mycoplasma genitalium genome. Considerable discussion has been focused on the concept of identifying the minimum number of genes needed for a minimal cell but identifying the minimum number of genes needed to constitute a fully independent autotrophic cell is an equal challenge and potentially has more practical value. When compared with the similar sized genome of M. jannaschii, it appears that both methanogens still harbor more genes than they need for their lithoautotrophic lifestyles. Both contain duplicated genes which presumably provide nonessential metabolic flexibility, and 20% of M. thermoautotrophicum genes do not have homologs in M. jannaschii whereas ϳ15% of M. jannaschii genes do not have homologs in M. thermoautotrophicum. These two methanogens do have very different cell envelope structures (24) , so some of the species-specific genes probably are essential for the methanogen in which they exist but this is unlikely to be predominantly the case. There are, for example, 24 two-component system genes in M. thermoautotrophicum, none of which are present in M. jannaschii, and both genomes encode several different DNA repair and DNA restriction-modification systems and a large number of small solute transport systems.
In the context of this initial report, discussing every gene, all the novelties, and all the questions raised by the genome is impossible and inappropriate. A few of the interesting differences between M. thermoautotrophicum and M. jannaschii do, however, warrant noting. M. thermoautotrophicum has a grpE dnaJ dnaK heat shock operon in addition to genes that encode an archaeal proteasome-chaperonin structure, and it has additional DNA repair enzymes, DNA helicases, nitrogenase subunits, an Fe-Mn superoxide dismutase, a ribonucleotide reductase, three coenzyme F 390 synthetases, and proteases that are absent in M. jannaschii. Unique features predicted for M. thermoautotrophicum are the presence of two Cdc6 homologs, an archaeal B-type DNA polymerase with a novel subunit structure, the possibility of two RNAP AЈ subunits, hinting at a previously unsuspected mechanism of gene selection, and two introns in the same tRNA Pro (CCC) gene, which establishes a precedent and a new location for tRNA introns.
Phylogenetics is dominated by the small subunit rRNA (ssu rRNA) tree which groups organisms into three domains, Bacteria, Archaea, and Eucarya (39) . Inherent in this concept is the idea that these groups must have other group-specific features, and the Ϫ10 and Ϫ35 structure of the promoter and promoter recognition by sigma factors in Bacteria, ether-linked lipids and methanogenesis in Archaea, and the nuclear membrane and the complex pathways of mRNA processing in Eucarya are frequently cited as examples. Phylogenetic trees based on the sequences of conserved enzymes, however, are often not consistent with the ssu rRNA tree, and defining a gene product as bacterial, archaeal, or eucaryal because its sequence is most similar to the sequence of a gene product previously established from a bacterial, archaeal, or eucaryal species based on the ssu rRNA tree promotes the idea that this tree is valid for that gene product. Based on the genome sequences available, it appears that it might now be more appropriate to consider phylogenetic arguments and analyses separately for metabolic pathways and for components of the genetic information storage, retrieval, and expression systems. Are there biochemical pathway phylogenies that correlate precisely with the ssu rRNA tree or is this tree only congruent with the phylogenies of genes that encode products involved in genetic information processing? Most proteins in the two methanogens, and almost all of the metabolic pathway enzymes, have sequences that are more similar to sequences in other Archaea and/or in Bacteria than in Eucarya. However, the presence of genes that encode homologs of proteins that exist only in Eucarya, namely TATAbinding and transcription factor IIB proteins, histones, DNA replication factors, transcript-processing systems, and ribosomal proteins, reinforces the conclusion that these functions must have evolved in a lineage separate from the bacterial lineage that gave rise only to the Archaea and Eucarya. Lateral transfer and assimilation of all of these different levels of genetic information processing seems very unlikely, and their correlation with the ssu rRNA tree argues that this tree is valid as an indicator of the underlying phylogeny of whole organisms. Data from genome-sequencing projects should now make it possible to superimpose on this tree the phylogenies of all the other subcellular components and biochemical pathways. For example, it should be possible to track the phylogenetic history of nitrogen fixation, which is conserved in Archaea and Bacteria but which does not appear to exist in Eucarya. Was nitrogen-fixing ability lost in the eucaryal lineage after divergence from the archaeal lineage or did nitrogen fixation evolve in one lineage, say in the bacterial lineage, and was then transferred to only the archaeal lineage? This latter scenario would be analogous to the chloroplast endosymbiont theory often evoked to explain why photosynthesis occurs in Bacteria and Eucarya but not in Archaea. Sequencing more genomes will address and resolve these fundamentally important and very interesting issues.
